Abstract: In this study, the effects of equal channel angular pressing (ECAP) on high-cycle fatigue and fatigue surface morphology of AA7075 have been investigated at a constant temperature (483 K) and the "C" route for four passes at ECAP process. ECAPed and as-received specimens were tested by four-point bending fatigue device. Fatigue tests were carried out by using 100, 120 and 140 MPa strength values. ECAPed specimens were characterized for each pass with optical microscope (OM), scanning electron microscope (SEM), energy-dispersive spectroscope (EDS), transmission electron microscope (TEM), selected area electron diffraction (SAED) and hardness measurements. Fracture surfaces of the specimens were also characterized with SEM. The results show that the highest hardness values (137 HV) and the best fatigue life (5.4 Â 10 7 for 100 MPa) were measured in ECAPed four-pass sample. For this reason hardness values and fatigue life were increased with increasing number of severe plastic deformation (SPD) process.
Introduction
Severe plastic deformation (SPD) techniques are a reliable method for ultrafine grained (UFG) in metals and alloys and have been reported to have superior mechanical properties and lower superplasticity [1] [2] [3] [4] . Of the SPD techniques, equal channel angular pressing (ECAP) is especially the most attractive process for producing UFG [5] [6] [7] [8] [9] [10] [11] [12] [13] . ECAP is specifically favorable due to its ability to produce UFG materials with multiple compressions besides accumulative roll bonding and torsional straining in full-dense conditions without changing the crosssectional dimensions of the samples [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, it is possible to obtain remarkable grain refinement together with dislocation hardening with ECAP process [23, 24] . Recently, Al alloys 7XXX series that it is preferred in automobile and aviation industry have been widely used as structural materials due to their high mechanical properties like high strength to weight ratio, low density and toughness [25] [26] [27] [28] [29] . Until now, in order to improve the mechanical properties of AA7075s, there have been many studies including ECAP process. At these studies mechanical properties of AA7075 were investigated. Therefore, there is no detailed study which investigates fatigue behavior of ECAP applied AA7075. In this study, grain structure, hardness, fatigue strength and fracture surfaces were examined by AA7075 subjected to ECAP. The present investigation was initiated to examine it was seen that ECAP (four-pass) applied samples have the highest hardness value (137 HV). However, when the values obtained after fatigue strength were analyzed, ECAPed four-pass applied materials' property gave the best results and casting applied samples' results are worst.
Materials and methods
In this study, as-received Al-extruded ingot was machined into small billets and then solution treated (ST) at 753 K for 2 h followed by quenching treatment in water at room temperature. The as-extruded AA7075 was machined into billets for ECAP with diameter of 20 mm and a length of 55 mm. The ECAP was directed at 483 K die temperature for one pass, two pass, three pass and four pass, respectively, stroke speed of 1,5 mm/s, using axial route C and die angles ϕ ¼ 90 o and ψ ¼ 0 o . For microstructure analyses, samples were prepared with standard metallographic processes and etched for 2 ml (HF), 3 ml (HCl), 20 ml (HNO 3 ) and 175 ml (H 2 O) to reveal the grain structures. The examinations of microstructure and fatigue fracture surface of the as-received and ECAPed specimens were carried out using a JEOL JSM-6060LV scanning electron microscope (SEM) equipped with and energy dispersive spectroscopy (EDS), JEOL JEM 2100LaB6 Transmission Electron Microscope equipped with and selected area electron diffraction (SAED). Hardness measurements were also done in (HV2) Affri universal hardness measurement device. The chemical composition of AA7075 used in experimental studies was given in Table 1 . Fatigue tests and micro hardness (Vicker's) were implemented to determine the mechanical properties of the ECAPed and casting AA7075. Fatigue test samples were machined according to ASTM E606/E606-12 and tested in air. In order to minimize the introduction of residual stresses throughout the machining operation of the specimens for previous testing, the samples were polished in air at room temperature. Fatigue tests for ECAPed and as-received AA7075 were impressed on the four-point bending fatigue test machine.
Results and discussion

Microstructure characterization
The OM images, SEM and EDS images, TEM and SAED images of ECAPed and casted AA7075 were carried out. The OM images were given in Figure 1 . The microstructure of the ECAPed AA7075 exhibits oriented grain structure. Grain structure is thinner to each pass of ECAPed samples. Hence the microstructure of the ECAPed AA7075 exhibits lying parallel grain structure to the ECAP pass direction.
When the OM images are examined which is given in Figure 1 , grain structure of ECAP samples have been seem smaller than only casting sample microstructure. In examined microstructure of one-four-pass ECAPed samples have seen that small and oriented of grain size. In particularly, given the examination of experimental specimens four-pass ECAPed, the grain boundary separation and orientation of the grains can be seen clearly in Figure 1(d) . When the casting sample's SEM images are analyzed, casting microstructure (e) is composed of coarse grains and has dendritic grain structure. Dendritic grain structure is in certain areas of microstructure (A) in the form of secondary dendrite arms shows the structure of the grain growth. Investigated to the other studies on A356 alloys about with ECAP process; there is shown that same properties and oriented with before studies of microstructure images at the end of shaping process [30, 31] .
In this study ECAPed one-four-pass and casting of AA7075 sample SEM images and EDS (electron diffraction spectrometry) analyzed are shown in Figures 2 and 3 . When investigation to ECAP' ed samples ( Figure 3 ) have various passes number in grain boundaries more clearly can seen together with increase of passes number. ECAPed sample grain sizes with SPD effect in casting structure encountered of dendritic structure, with the number of deformation pass have band-like alignment and cannot shown dendritic structure are obtained more coaxial grain shapes. The investigation of the microstructure and mechanical properties of ECAP routes with materials formed by ECAP in studies examining the route depending on the specific grains are oriented at an angle and is illustrated by SEM analysis [32] . Formed in samples with grain orientations increase in the number of passes with a finer grain structure has been transformed into a band-shaped directional grain structure. In one form of the resulting microstructure of the material formed during the ECAP process with dislocation density increases and shears to the mechanical properties of grain obtained by breaking it is stated that additional smaller particles [32] . ECAPed AA7075 SEM images are given in Figure 3 . Inspection of each passes in SEM images appears to be much smaller than the grain size to shown in casting microstructure of grain sizes. In the SEM images macroscopic orientations are understood especially in Figure 3 (b) and (d). Samples' small grain structure at first-pass numbers changes to smaller size grains with the increase of pass numbers.
Grain sizes for the ECAP process applied samples can be reduced up to nanolevel. The TEM and SAD images of ECAPed one-, two-, four-pass AA7075 samples are shown in Figure 4 . ECAPed samples' grain structures are seen as band shape arrangement. Deformation flow lines and grain boundaries are also seen clearly with the effect of processing temperature. The majority of the microstructure after each passes consists of somewhat elongated regions subdivided by the dislocation boundaries oriented to the ECAP pass direction. These boundaries mostly have a low-angle misorientation. At ECAPed samples together with the increasing number of passes, there has been a reduction in grain sizes and ultrafine grain structure (UGS).
Together with the deformation processes that are applied to the metals, deformation hardening is occurred. Even if SPD process provides grain size reduction, it also provides decreasing at re-crystallization temperature. However, decreasing re-crystallization temperature causes to occur bigger grain sizes at deformation mechanisms made of lower temperature. Increasing of the grain sizes causes a decrease in strength [33] . In ECAP process, the increases in the number of passes in the samples are increased in proportion with the deformation. Therefore, with increasing number of passes and the grain structure formed in the deformation leads to smaller grain sizes.
Casting microstructures observed in the coaxial grain structure in optical microscope (OM) images, together with the increasing number of ECAP pass, band-shaped structure has evolved into one lined up. SPD process together with the newly developed grain boundaries and then the reduction unit is formed in ECAP process. With the effect of plastic deformation in atomic plane to samples realized in shearings' and has occurred dislocation motion. The resulting dislocation movements increased with the increase of the number of ECAP passes and the resulting increase in deformation at the grain boundaries has created an increase in the hardness of concentrating the sample. This situation has been made by Kumar et al. in their study [2] . Also in the ECAP' ed samples, selected area diffraction (SAD) images obtained from the diffraction images were used and the crystal lattice structure of the samples were examined in the deformed state. Taken images of SAD in the first and second passes, there is a regular spot array of arrays of four passes a point seems to be more regular. APD deformation of the crystal lattice structure of the material by the action of angular orientations depending on the irregular point shifts in alignment and point directly proportional to the deformation ratio is known to convert a structure [34] . In this study, the irregular structure of the SAD images to be caused by the intensity of the deformation rate can be expressed.
Mechanical properties
An important improvement in mechanical properties of AA7075 obtained after ECAPed compared to casted bulk AA7075. Figure 5 shows the effect of casting and ECAPed over hardness properties of the AA7075. The hardness of the ECAPed samples has increased from 105 to 137 HV (nearly 31% increase) due to the increase of pass number. However, the hardness of the as-cast sample is 97 HV and this hardness value is increased to 137 HV after ECAP four-passed processing (nearly 42% increase) as shown in Figure 5 . In order to improve the mechanical properties of the casting AA7075, the samples were subjected to ECAP process. The hardness data of the AA7075 alloy samples measured after each pass. In consequence of the values of casting process applied samples' hardness was obtained at the lowest level (97 HV) according to ECAPed samples' hardness values. ECAPed samples' measured hardness values were shown to increase with the increase of the pass number and the highest hardness value (137 HV) was obtained at four-pass applied sample. Effect of material hardness to pass numbering done with a variety of materials has been investigated by ECAP studies. The results obtained vary according to the ECAP process applied material. The highest hardness value reached at four passes. In studies on subject were observed to decreases in hardness values after this pass number [35] [36] [37] [38] . Therefore, there is degradation and recovery of crystalline materials. Dislocations because of a lock as SPD have occurred and actual hardness may provide a compression between the atoms and create an increase [33] . The greatest effect of the increase of hardness values because of dislocation density. The studies on finer grain structure and dislocation density were confirmed to this study [10, 14, [39] [40] [41] [42] .
High-cycle fatigue properties
As cast, ECAP one-passed, ECAP two-passed, ECAP threepassed and ECAP four-passed AA7075 samples are tested to four-point bending fatigue test equipment (ASTM E 466). The graph of the results is given in Figures 6 and 7 . Figures 6 and 7 show the stress versus number of cycles to failure curve for the casted and ECAPed AA7075. It is observed that at an alternating stress level of 100 MPa, the number of cycles to failure is 6.5 Â 10 6 , whereas at alternating stress of 85 MPa, the number of cycles to failure increased to 6.9 Â 10 6 ; and at alternating stress of 70 MPa, the number of cycles to failure is increased to 7.5 Â 10 6 for casting AA7075. On the other hand, for ECAP one-pass AA7075 sample at stress level of 140 MPa, the number of cycles to failure is 1.8 Â 10 7 , whereas at 120 MPa it undergoes 2.2 Â 10 7 cycles to failure and at 100 MPa it undergoes 2.7 Â 10 7 cycles to failure. Also for ECAP two-pass AA7075 sample at stress level of 140 MPa, the number of cycles to failure is 2.8 Â 10 7 , whereas at 120 MPa it undergoes 3.3 Â 10 7 cycles to failure and at 100 MPa it undergoes 3.7 Â 10 7 cycles to failure. On the other hand, for ECAP three-pass AA7075 sample at stress level of 140 MPa, the number of cycles to failure is 3.9 Â 10 7 , whereas at 120 MPa it undergoes 4.4 Â 10 7 cycles to failure and whereas at 100 MPa it undergoes 4.7 Â 10 7 cycles to failure. Finally, for ECAP four-pass AA7075 sample at stress level of 140 MPa, the number of cycles to failure is 4.5 Â 10 7 , whereas at 120 MPa it undergoes 5.0 Â 10 7 cycles to failure and at 100 MPa it undergoes 5.4 Â 10 7 cycles to failure.
Fatigue fracture surface morphology
The fracture surface morphologies of casted and ECAPed samples investigated under SEM and EDS are given in Figures 8 and 9 . According to the ECAP samples that can Figure 4 : The TEM microstructure of the ECAPed AA7075: one passed (a1-a2), two passed (b1-b2), four passed (c1-c2).
be seen ductile-brittle fracture in examination of the fracture surfaces of the casting sample in Figure 8 (a-1) and 8(a-2). The resulting sharp edges have from dendritic and brittle structure during the production of casting materials. The number of passes observed with the increase in the pits smaller in size fracture has occurred to ECAPed samples. For this reason, disintegration of grain sizes with SPD and a microstructure material with small grain size obtained. In their study of Das et al. [14, 43] have made the cast AA7075 alloy fracture surface by shown that ductile-brittle fracture surfaces and can be seen as a gradual breaking of fatigue fracture surface. In examination to fracture surfaces of the fatigue tested samples in the area of crack formation to structure of casting sample and cannot move strain of sample cross section with notch effect of fatigue crack by sudden breakage of a structure is observed. This structure of optical and SEM microscopic examinations as shown (Figures 1(e) and 8 ) and dendritic structure exhibits ductile brittle. Especially shearing bands are given attention to investigation of the fracture surface morphology of ECAPed AA7075 samples in Figure 9 . This structure shows that during ECAP "C" route using which is applied to the sample and number of passes depends on the deformation bands formed in the shape stems from the finer grain structure. Especially with first pass obtained in the sample consisting of fatigue crack propagation direction, while the nominal stress value is changed to second pass the interruption lines and stable crack growth are observed. In ECAP third pass with stable crack growth is shown as surface structure with projections and recesses. Fort this reason, according to the obtained samples ECAP one and two passes with APD to smaller grain structure. In ECAP four pass is sudden fracture and crack formation can be seen more clearly. The reason for this clarity of the ECAP grain structure one, two and three passes to be smaller and smaller particles than a single show is the fact that the structural behavior. It is considered that ECAP passes between the shear band and the fatigue crack propagation in terms of crack formation and sudden fracture evolving toward the structural progress number of passes depending on the sample in microstructure units thinning and hardness increase in the value (Figure 9 ).
Conclusion
In this study, fracture surface morphology of AA7075 and the experimental characterization of high-cycle fatigue properties produced by just casting and by ECAP processes have been investigated. After sample grain sizes are thinned with ECAP, dendritic structure is obtained by casting process. Increasing was seen at samples' hardness values with increasing number of SPD process. The best hardness value 137 HV was seen at ECAPed four-pass sample. Even if fatigue analysis at ECAPed four-pass sample are seen better 4.5 Â 10 7 for 140 MPa, 5.0 Â 10 7 for 120 MPa, 5.4 Â 10 7 for 100 MPa.
When hardness and fatigue strength for ECAP fourpassed AA7075 sample it is clearly seen that gives the best results. : SEM images of fracture surface morphology of ECAPed AA7075 after high-cycle fatigue test; one passed (a1-a2), two passed (b1-b2), three passed (c1-c2) and four passed (d1-d2).
